r e S O u r C e Neurodegenerative diseases are debilitating disorders of the nervous system characterized by the loss of distinct neuronal populations. Many questions exist regarding the molecular mechanisms underlying neuronal degeneration, and the identification of these pathways has proven challenging. As such, effective neuroprotective treatments are still lacking. Discovery of the intrinsic factors that determine the survival of neurons and mediate their degeneration would have far-reaching implications for the development of neuroprotective strategies and the therapeutic management of these disorders.
Gene expression profiling is now routinely used to study the phenotypic changes in neurons resulting from pathological events. However, the cellular heterogeneity of the mammalian CNS significantly limits the usefulness of whole tissue for the generation of gene expression profiles specific to the neurons susceptible to degeneration. Investigations based on laser-captured neurons can be cell type-specific, but they rely on the extraction of total cellular RNAs and are not limited specifically to the mRNAs that are translated into proteins. Molecular profiling of distinct cell populations in vivo has recently been described using translating ribosome affinity purification (TRAP) [1] [2] [3] . However, the application of this methodology to the molecular characterization of vulnerable neurons in the context of various neurodegenerative diseases has been hampered by the limited availability of suitable transgenic TRAP mouse lines. Moreover, TRAP does not improve the downstream analysis and interpretation of gene expression data. Comparing the molecular signatures of cells across various experimental conditions typically identifies a large number of genes whose transcript levels differ significantly. Despite the availability of several bioinformatic tools for the functional analysis of large expression data sets, such as the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Database for Annotation, Visualization and Integrated Discovery (DAVID) [4] [5] [6] , the prioritization of promising differentially expressed candidate genes has remained difficult. Furthermore, conventional analyses do not facilitate the identification of the upstream regulators that induce the gene expression changes associated with a pathological phenotype. These shortcomings further hinder the discovery of key molecular markers associated with neuronal degeneration.
Using Parkinson's disease as an example, we developed a strategy for the identification of genes that mediate the response of mature neurons to degenerative insult. The motor manifestations associated with Parkinson's disease are primarily linked to the progressive loss of midbrain dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc). Therefore, we engineered TRAP transgenic mice that enable the easy, cell type-specific molecular profiling of DA neurons in the midbrain. Using these mice under experimental conditions resembling Parkinson's disease, we generated translational libraries reflecting the molecular signature of the DA neurons at an early stage of degeneration. For the characterization of these libraries, we applied a systems biology approach that went beyond differential gene expression analysis. This approach included the accurate assembly and interrogation of a mouse brain regulatory network, which comprises a comprehensive repertoire of molecular interactions between For degenerative disorders of the CNS, the main obstacle to therapeutic advancement has been the challenge of identifying the key molecular mechanisms underlying neuronal loss. We developed a combinatorial approach including translational profiling and brain regulatory network analysis to search for key determinants of neuronal survival or death. Following the generation of transgenic mice for cell type-specific profiling of midbrain dopaminergic neurons, we established and compared translatome libraries reflecting the molecular signature of these cells at baseline or under degenerative stress. Analysis of these libraries by interrogating a context-specific brain regulatory network led to the identification of a repertoire of intrinsic upstream regulators that drive the dopaminergic stress response. The altered activity of these regulators was not associated with changes in their expression levels. This strategy can be generalized for the identification of molecular determinants involved in the degeneration of other classes of neurons.
npg r e S O u r C e Green dots represent transcripts enriched in whole midbrain total RNA samples by ≥1.5-fold (P < 0.05). Black dots represent nonsignificant transcripts. Blue triangles depict select marker genes. Scale bars, 2 mm in a and b (main images) and 60 µm in a and b (insets). n-values indicate biological replicates. transcriptional regulators and their target genes. Our analysis revealed a set of intrinsic upstream regulators that mediate the transcriptional response of midbrain DA neurons to a toxic insult triggering degeneration. To validate our data, we applied both expression and functional analyses using a virus-mediated knockdown strategy in DA neurons in vivo. We identified transcriptional regulators that are highly and specifically expressed in unperturbed SNpc DA neurons. The loss of these regulators is associated with DA neuron degeneration. Our approach can be applied to other neurodegenerative disorders to discover molecular targets for therapeutic intervention.
RESULTS

Generation of TRAP mice for DA neuron profiling
Like other types of neurons in the CNS, DA neurons in the midbrain are intermixed with various neuronal and non-neuronal cells. To optimize the cell type-specific molecular profiling of DA neurons, we developed a strategy based on TRAP 1,2 . For this purpose, we generated bacterial artificial chromosome (BAC) transgenic mice in which the expression of enhanced green fluorescent protein (EGFP)-tagged ribosomal protein L10a is controlled by the dopamine transporter (Dat, Slc6a3) locus. Immunostaining revealed colocalization of the signals for EGFP and the DA neuron marker tyrosine hydroxylase (TH) in all DA neurons at the level of the SNpc and the ventral tegmental area (VTA) without detecting EGFP in non-DA cells (Fig. 1a,b) , demonstrating the successful targeted expression of EGFP-L10a specifically in midbrain DA neurons. The EGFP signal was limited to the DA cell bodies and did not extend to the projections of these neurons. This finding indicated that EGFP-tagged ribosomes are either absent from DA projections to the striatum or their number is undetectably low. A signal for EGFP was also obtained in the tuberoinfundibular DA neurons and in the periglomerular DA neurons in the olfactory bulb, demonstrating the expression of EGFP-L10a. This finding was expected because these neurons naturally express DAT. However, tuberoinfundibular and periglomerular DA neurons are located at a sufficient anatomical distance from the midbrain DA neurons to allow the quick and convenient separation of these neurons from the midbrain before translational profiling.
To demonstrate that Dat bacTRAP mice facilitate the enrichment of translated mRNAs specifically expressed by DA neurons, we dissected the midbrains from Dat bacTRAP mice and affinity-purified translated mRNAs by incubating the tissue lysates with anti-EGFP antibody-coated magnetic beads. From another set of Dat bacTRAP mice, we extracted total RNA from whole midbrain. These samples would be expected to contain RNA from the DA neurons as well as from all intermixed non-DA cell types. Comparative gene expression analysis revealed the significant (P < 0.05, DESeq and BenjaminiHochberg; see Online Methods) enrichment of 4,382 transcripts in the DA-neuron translated mRNA samples as compared to the whole midbrain total RNA samples by ≥1.5-fold (Fig. 1c and Supplementary  Table 1) . As anticipated, all examined DA neuron-specific markers were enriched in the TRAP samples, including Th (38-fold), Dat (Slc6a3; 18-fold), vesicular monoamine transporter 2 (Vmat2, Slc18a2; 6-fold), dopamine receptor D2 (Drd2; 21-fold) and pituitary homeobox 3 (Pitx3; 87-fold). In contrast, transcripts that are typically expressed by non-DA cells were enriched (P < 0.05) in the whole midbrain total RNA samples and depleted from the DA neuron TRAP samples ( Fig. 1c and Supplementary Table 2) , including the astrocyte markers glial fibrillary acidic protein (Gfap; −13-fold) and aldehyde dehydrogenase 1l1 (Aldh1l1; −9-fold), the GABAergic neuron marker vesicular GABA transporter (Vgat, Slc32a1; −4-fold), the glutamatergic neuron marker vesicular glutamate transporter 1 (Slc17a7; −11-fold), and the endothelial cell marker thrombomodulin (Thbd; −27-fold). The clear enrichment of DA neuron markers in the TRAP samples and the depletion of non-DA transcripts suggested that Dat bacTRAP mice are suitable for the cell type-specific translational profiling of midbrain DA neurons.
Characterization of Dat bacTRAP mice
Dat bacTRAP mice present normal brain morphology (Supplementary Fig. 1a ). Transgenic animals are lighter than wild-type (WT) littermates, but do not differ in key parameters of their body composition, food or water intake ( Supplementary  Fig. 1b-e) . Hemizygous Dat bacTRAP mice carry a stable tandem insert of 6-10 BAC transgenes on chromosome 9q ( Supplementary  Fig. 2 ). We did not observe any morphological differences in the general structure of the DA system or the shape of single DA neurons between transgenic Dat bacTRAP mice and WT littermates (Supplementary Fig. 3a) . Additional analyses revealed no significant differences in the numbers of TH-positive (TH + ) neurons in the SNpc and in the VTA, in striatal levels of dopamine and its (Supplementary Fig. 4) . Analysis of footprint patterns at 3 months of age revealed comparable gait parameters for transgenic and WT mice (Supplementary Fig. 5a ). Older transgenic Dat bacTRAP mice demonstrated a small but significant reduction of their hindlimb stride width and forelimb/hindlimb overlap compared to WT littermates ( Supplementary Fig. 5b-d) . Although a greater forelimb/hindlimb overlap signals motor impairment 7 , the reduction of forelimb/hindlimb overlap or hindlimb width is not associated with pathological changes and may be due to the increasing weight difference between aging WT and transgenic mice in our study (Supplementary Fig. 1b ).
Translational profiling of DA neurons in a model of Parkinson's disease After demonstrating the utility of Dat bacTRAP mice for the isolation of translated mRNAs from midbrain DA neurons, we were next interested in the application of our methodology to the molecular profiling of midbrain DA neurons in a model of Parkinson's disease. It seemed reasonable that this approach would deliver cell type-specific gene expression data reflecting intrinsic pathological changes in DA neurons under experimental conditions resembling key features of the disease in humans. For this purpose, we used the MPTP-induced mouse model. MPTP is a toxin that specifically targets DA neurons in both humans and mice and reproduces the degeneration of SNpc DA neurons associated with Parkinson's disease 8 . The MPTP mouse model is well established and widely considered the most suitable available mouse model to investigate the molecular mechanisms that are involved in DA neuron degeneration 9, 10 .
To validate the potency of MPTP in Dat bacTRAP mice, one group of transgenic animals and WT littermates were injected with either saline (vehicle) or MPTP according to a subacute dosing regimen. Consistent with published data 11 , MPTP reduced the number of SNpc TH + neurons in this group of Dat bacTRAP mice to ~53% by 21 d after the final injection, which reflects the time point at which the DA neuron lesion is stable (Supplementary Fig. 6) . No difference was observed between WT and transgenic animals. In the same group of mice, we also investigated the impact of the subacute MPTP regimen on the number of DA neurons in the VTA. Although SNpc and VTA DA neurons produce the same neurotransmitter and are localized near each other in the midbrain, VTA DA neurons are less susceptible to degeneration in patients with Parkinson's disease 12, 13 . The differential vulnerability of SNpc and VTA DA neurons has been successfully reproduced in mice injected with MPTP 14, 15 . In agreement npg r e S O u r C e with these studies, we found that the subacute dosing schedule of MPTP reduced the number of VTA TH + neurons in Dat bacTRAP mice only to ~71% by 21 d after the final injection ( Supplementary  Fig. 6 ). These data indicate that the differential vulnerability of SNpc and VTA DA neurons is maintained in Dat bacTRAP mice.
To carry out cell type-specific translational profiling of midbrain DA neurons, a second group of Dat bacTRAP mice was injected with saline (vehicle) or MPTP following the subacute dosing regimen. Unlike in the previous experiment, Dat bacTRAP mice designated for translational profiling and expression analysis by RNA sequencing (TRAPseq) were sacrificed 4 d after the last MPTP injection (Fig. 2a) . At this time point, the number of SNpc DA neurons displaying apoptotic features is maximal. 11 . We reasoned that this strategy would allow us to profile SNpc DA neurons under stress at a very early stage of degeneration rather than carrying out translational profiling at a stage mimicking advanced Parkinson's disease. Compared to that in animals injected with saline (vehicle), expression of the DA neuron phenotypic marker Th was moderately reduced to 73 ± 4% (mean ± s.e.m.; normalized to β-actin; P = 0.030, unpaired t-test) in MPTP-treated Dat bacTRAP mice 4 d after the last injection, confirming that the DA neurons in these animals were under toxin-induced stress 16 . Analysis of the cell type-specific translatome libraries reflecting the molecular profiles either of unperturbed midbrain DA neurons in saline-treated Dat bacTRAP mice or of DA neurons under toxin-induced stress in MPTP-treated Dat bacTRAP mice revealed a number of genes with significantly different expression between the two groups ( Fig. 2b and Supplementary Table 3 ).
Identification of upstream regulators of neurodegeneration
Many attempts to elucidate the molecular determinants underlying progressive cell loss in neurodegenerative disorders have relied exclusively on the comparison of gene expression levels in normal and pathological tissue. Unfortunately, this approach typically does not go beyond the generation of comprehensive lists of differentially expressed genes that are ranked based on the fold change of their transcript levels. In particular, this analysis does not support the discovery of key upstream regulators that cause the observed gene expression changes. An innovative systems biology approach to identify molecular targets for disease therapy has been described in the field of cancer research [17] [18] [19] [20] . In a first step, a tissue-specific network that maps relationships between downstream target genes and their upstream transcriptional regulators is computationally generated using the ARACNe algorithm 21 . This step is followed by the interrogation of the engineered network with genome-wide expression signatures obtained from healthy control and cancer tissues: for each transcriptional regulator included in the network, the mapped downstream target genes are tested for differential expression in cancer tissue. Thus, each set of downstream target genes represents a comprehensive gene reporter assay for activity changes of the corresponding upstream transcriptional regulator. Transcriptional regulators that drive the gene expression signature in cancer tissue are identified by the significant enrichment of differentially expressed, mapped target genes. These regulators are termed master regulators (MRs), and the analysis is called the master regulator inference algorithm (MARINa). The basic principles of MARINa are not limited to the investigation of particular tumor types, and they have also shown promise for the discovery of disease determinants in non-cancerous conditions [22] [23] [24] . Thus, we applied this methodology to our cell typespecific DA neuron translatome libraries to help discover genes that determine DA neurodegeneration. We reverse engineered a regulatory network from a mouse whole brain expression data set consisting of 437 tissue samples (GSE10415) using ARACNe. The resulting adult mouse brain regulatory network contained 338,550 interactions between 1,345 transcriptional regulators and 16,527 target genes. Next, using the genome-wide translatome signatures we had obtained for unperturbed midbrain DA neurons in saline-treated Dat bacTRAP mice or for DA neurons in MPTP-treated Dat bacTRAP mice, we interrogated the mouse whole brain regulatory network to identify key transcriptional regulatory proteins that mediate the response of DA neurons to degenerative stress. MARINa analysis identified 19 MR candidates that drive the molecular signature of midbrain DA neurons at a very early stage of degeneration ( Fig. 2c and Supplementary Table 4). Ten MRs aberrantly increased their regulatory activity after the challenge with MPTP. The remaining nine MRs decreased their activity.
We then determined the abundance of transcripts encoding the 19 identified MR candidates among translated mRNAs in DA neuron TRAP samples from mice that received either saline (vehicle) or MPTP. This analysis revealed that the changes in MR transcriptional activity between saline and MPTP samples (Fig. 2c) were not associated with differential MR gene expression (Fig. 2d) , raising the possibility that post-translational regulation of the MRs is responsible for their altered transcriptional activities. Our findings are consistent with the results obtained in several cancer phenotypes 17, 19, 20 and show that these MRs could not have been identified by conventional means relying exclusively on the examination of fold differences in transcript levels.
Subtype-specific profiling of SNpc and VTA DA neurons Discovery of the 19 MR candidates (Fig. 2c) was based on the analysis of TRAP data obtained from both SNpc and VTA DA neurons. SNpc DA neurons are more vulnerable to degeneration in Parkinson's disease than VTA DA neurons. Therefore, to gain insight into the molecular alterations that are specific to the response of SNpc DA neurons to degenerative stress, we were especially interested in identifying MR candidates with higher baseline gene expression in SNpc DA neurons, which may point to a specific physiological relevance of these MRs for the SNpc. To compare the baseline expression levels of the 19 MR candidates in SNpc and VTA DA neurons, we dissected and separated the SNpc and VTA from Dat bacTRAP mice and carried out TRAPseq. Comparative analysis of the translatome libraries confirmed the significantly higher expression of previously reported markers in SNpc DA neurons, including aldehyde dehydrogenase 1a7 (Aldh1a7, 4.7-fold), Cd24a antigen (Cd24a, 3.1-fold) and thyrotropinreleasing hormone receptor (Trhr, 2.6-fold) ( Supplementary  Fig. 7a and Supplementary Table 5) 25 . We also confirmed the significantly higher levels of previously published transcripts in VTA DA neurons, such as lipoprotein lipase (Lpl, 4.5-fold), orthodenticle homolog 2 (Otx2, 4.2-fold) and gastrin releasing peptide (Grp, 3.5-fold) (Supplementary Fig. 7a and Supplementary Table 6 ) 25 . These data demonstrated the successful dissection of SNpc and VTA from Dat bacTRAP mice, as well as the purification of DA neuron subtypespecific translated mRNAs. We then compared the transcript levels of the 19 MR candidates in our SNpc and VTA DA neuron TRAP samples (Fig. 3a) . This analysis revealed that two of the MR candidates were more highly expressed in SNpc DA neurons than in VTA DA neurons, including the DNA-binding protein Satb1 (Satb1, 1.6-fold) and palmitoyltransferase Zdhhc2 (Zdhhc2, 1.8-fold). A survey of the expression patterns of Satb1 and Zdhhc2 using the Allen Mouse Brain Atlas (http://mouse.brain-map.org/) confirmed that Satb1 and Zdhhc2 mRNAs, as visualized by in situ hybridization, are abundant in the SNpc in ventral midbrain (Supplementary Fig. 7b-d) .
Next, to validate the higher expression of Satb1 and Zdhhc2 in SNpc DA neurons, we investigated the anatomical distribution of SATB1 and ZDHHC2 proteins in the midbrain. The signal for SATB1 colocalized with that for TH, which is consistent with a previous immunohistochemistry study 26 and suggests that SATB1 is specifically expressed in DA neurons (Fig. 3b) . Notably, SATB1 was indeed expressed at higher levels in the SNpc than in the VTA (Fig. 3b) , and its expression was confined to the nucleus of DA neurons (Fig. 3c) . For ZDHHC2, we also observed higher expression in the SNpc than in the VTA (Fig. 3d) . In the DA neurons, the immunoreactivity for ZDHHC2 and the Golgi marker GM130 partially overlapped, pointing to a localization of ZDHHC2 in the Golgi apparatus (Fig. 3e) . However, part of the ZDHHC2 signal did not colocalize with that for TH, suggesting that ZDHHC2 is not confined to the DA neurons (Fig. 3e) . In summary, our results led us to conclude that unperturbed SNpc DA neurons in particular are characterized by the high expression of SATB1 and ZDHHC2. Together with the findings from our regulatory network analysis, which suggested that the regulatory activities of SATB1 and ZDHHC2 are reduced in DA neurons at an early stage of degeneration, we reasoned that SATB1 and ZDHHC2 may represent intrinsic DA neuron pro-survival factors whose loss of function is associated with DA neuron death.
Congruent with Satb1 and Zdhhc2 mRNA quantification in mice that received either saline or MPTP (Fig. 2d) , western blot analysis demonstrated that the altered transcriptional activities of SATB1 and ZDHHC2 4 d after MPTP treatment (Fig. 2c) were not associated with changes in the protein levels of these two MRs (Fig. 3f,g and Supplementary Fig. 7e,f) . This further validated the idea that SATB1 and ZDHHC2 could not have been identified using conventional expression analyses and that the MR activity changes may be due to the post-translational regulation of these proteins in the DA neurons.
Validation of determinants of DA neurodegeneration An investigation in developing cortical interneurons in mice reported that the knockout of SATB1 interferes with the migration, differentiation, connectivity and survival of these cells 27 . These findings support our results, which indicate that SATB1 represents a prosurvival factor in mature DA neurons. However, to validate the role of SATB1 and ZDHHC2 in SNpc DA neurons and to demonstrate that our methodology consisting of translatome and regulatory network analysis is a powerful approach for the identification of key determinants involved in neuronal degeneration, we investigated the consequences of SATB1 or ZDHHC2 knockdown on the survival of DA neurons. In one group of adult WT mice, each animal was stereotaxically injected with a Satb1 short hairpin RNA-EGFP construct into the left SNpc and a scrambled shRNA-EGFP control vector into the right SNpc (Fig. 4a) . Knockdown of SATB1 mimicked the effect of MPTP, causing a 79.5 ± 6.8% (mean ± s.e.m.; n = 6 biological replicates; P = 0.0004, paired t-test) reduction in the number of SNpc TH + neurons as compared to the number in the control SNpc 8 weeks after viral injection. The number of Nissl + TH¯ neurons remained unaffected (Supplementary Fig. 8a ). We verified these results with a second Satb1 shRNA (Supplementary Fig. 8b,c) . SNpc TH + neurons disappeared in two stages. First, by 2 weeks after viral injection of the Satb1 shRNA-EGFP vector, SATB1 was already undetectable, and this rendered SNpc DA neurons dysfunctional as demonstrated by the substantially reduced immunoreactivity of SNpc EGFP + neurons for the phenotypic marker TH (Fig. 4b,c) . Second, at 3 weeks (Fig. 4d) and 4 weeks (Supplementary Fig. 8d ) after stereotaxic surgery, we detected very few EGFP + or TH + cells in the SNpc, suggesting the loss of SNpc DA neurons. Furthermore, we stereotaxically injected mice with Fluorogold (FG) into the left and right dorsal striatum to retrogradely label SNpc DA neurons. The same animals were then injected with viral shRNA vectors according to Figure 4a . SNpc DA neurons labeled with FG also disappeared after Satb1 silencing (Supplementary Fig. 8e ). We thus conclude that the decreased number of SNpc TH + cells after SATB1 knockdown reflects true cell loss and not merely loss of TH expression.
To provide biochemical evidence that the target genes identified by ARACNe (Fig. 2c and Supplementary Table 4) are indeed regulated by the respective MR, we injected Dat bacTRAP mice according to Figure 4a and analyzed knockdown and control samples by TRAPseq early in the course of DA neurodegeneration. Satb1 mRNA levels in knockdown samples were reduced to 33 ± 10% (mean ± s.e.m., n = 3 biological replicates, P = 0.0170, paired t-test) of that in controls. Using gene set enrichment analysis (GSEA), we ranked ARACNe-identified SATB1 target genes according to their differential expression between knockdown and control samples. Strikingly, Satb1 silencing was associated with decreased SATB1 activity (indicated by a negative normalized enrichment score) and the significant enrichment of downregulated npg r e S O u r C e SATB1 target genes ( Fig. 4e and Supplementary Table 7) , recapitulating the results obtained in MPTP-injected mice.
In another group of adult WT mice, each animal was stereotaxically injected with a Zdhhc2 shRNA-RFP vector into the left SNpc while a scrambled shRNA-EGFP control vector was injected into the right SNpc (Fig. 5a) . As in the results obtained for SATB1, knockdown of ZDHHC2 led to a 96.6 ± 0.6% (mean ± s.e.m.; n = 5 biological replicates; P = 0.0007, paired t-test) reduction in the number of SNpc TH + neurons as compared to the number in the control SNpc 8 weeks after viral injection. The number of Nissl + TH¯ neurons was also reduced to 49.5 ± 6% (Supplementary Fig. 8f ). This finding suggests that non-DA neurons are affected by the ZDHHC2 knockdown, which may be related to the observation of a signal for ZDHHC2 in the unperturbed SNpc that did not colocalize with TH (Fig. 3e) . Using a second Zdhhc2 shRNA, a similar trend was observed, although the results were not statistically significant (Supplementary Fig. 8g,h) . SNpc TH + neurons also disappeared in two stages after ZDHHC2 knockdown. First, by 1 week after injection of the Zdhhc2 shRNA-RFP vector, ZDHHC2 was already undetectable which negatively impacted the function of SNpc DA neurons as suggested by the diminished immunoreactivity of SNpc RFP + neurons for TH (Fig. 5b,c) . Second, at 2 weeks ( Fig. 5d) and 3 weeks (Supplementary Fig. 8i ) after viral injection, neither RFP + nor TH + cells were detected in the SNpc, suggesting the loss of SNpc DA neurons. Stereotaxic injection of mice with FG into the left and right dorsal striatum followed by intranigral injection of viral shRNA vectors according to Figure 5a showed that SNpc DA neurons labeled with FG disappeared after Zdhhc2 silencing (Supplementary Fig. 8j ). This observation echoed our findings obtained after SATB1 knockdown and suggested that the decreased number of SNpc TH + cells after ZDHHC2 knockdown also reflects true loss of cells and not merely the abolished expression of the phenotypic marker TH.
To further validate our findings, we investigated whether SATB1 and ZDHHC2 could be identified as MRs of human DA neuron pathology at an early stage of Parkinson's disease comparable to the time point we chose for the TRAPseq analysis in the MPTP mouse model (Fig. 2a) . Therefore, we carried out a regulatory network analysis on expression profiles obtained from substantia nigra samples from human subjects with incipient Parkinson's disease and from controls 28 . Strikingly, this analysis confirmed the significantly decreased transcriptional activities of SATB1 and ZDHHC2 in those with incipient Parkinson's disease (Fig. 6) . Consistent with our data obtained in mice, these changes were not associated with changes in the expression levels of SATB1 and ZDHHC2 (Fig. 6) .
DISCUSSION
Cell type-specific translational profiling of distinct groups of degenerating neurons in combination with the analysis of a context-specific regulatory network is a new approach to identify intrinsic molecular factors that drive neuronal loss. As part of this strategy, the generation and application of suitable TRAP mouse lines enables the comprehensive analysis of neurons at any desired degenerative stage in animal models of human disorders. Such studies provide the opportunity to discover early molecular markers of the disease process. Similarly, the application of a context-specific regulatory network for the analysis of neuronal gene expression signatures is not limited to a certain stage of degeneration. The most significant technical advantage provided by regulatory network analysis is the identification of neuronintrinsic transcriptional regulators that are effectors of the recorded gene expression differences. The characterization of hundreds of differentially expressed genes one by one is replaced by the discovery of respective upstream regulators of these genes.
Translational profiling of DA neurons
We selected Parkinson's disease as a major neurodegenerative disorder of the CNS and developed a methodology for the characterization of DA neuron degeneration. Dat bacTRAP mice enable the cell typespecific translational profiling of midbrain DA neurons in vivo. Previous studies focusing on gene expression profiling of unperturbed midbrain DA neurons in rodents predominantly relied on whole midbrain or laser-captured neurons 25, [29] [30] [31] [32] [33] . However, the analysis of whole midbrain is not specific to DA neurons, and laser-capture microdissection often results in poor RNA yield and quality. Fluorescence-activated cell sorting (FACS) has been carried out to isolate DA neurons from midbrain tissue from mice expressing EGFP under the control of the Th promoter 34 . Unfortunately, FACS most likely confounds the true molecular signature of the DA neurons owing to stress during cell isolation and the loss of input signals from neighboring cells and other innervating neurons. In contrast, the use of Dat bacTRAP mice represents a straightforward methodology enabling efficient, cell typespecific isolation of translated mRNAs from DA neurons in vivo without prior fixation, staining, dissociation or sorting of these cells.
Regulatory network analysis and identification of MRs
Investigation of our translatome libraries facilitated the identification of MRs of early DA neuron degeneration. The analysis presents an unbiased approach that equally considers the involvement of each of the transcriptional regulators included in the brain regulatory network. Notably, the combinatorial approach consisting of translatome and regulatory network analysis facilitated the identification of genes undetectable exclusively by comparing gene expression levels.
The comparative TRAPseq analysis of SNpc and VTA DA neurons provides a useful data resource for translated mRNAs that are enriched in either of the two cell types, which may facilitate the discovery of genes with a role in differential DA neuron vulnerability. Interestingly, npg r e S O u r C e eight MR candidates were more highly expressed in VTA DA neurons than in SNpc DA neurons, and several of these regulators increased their activity after the challenge with MPTP. These findings may indicate a connection between the elevated activity of these MRs and the decreased vulnerability of VTA DA neurons to degeneration, warranting further investigation. The group of MRs with similar expression levels in SNpc and VTA DA neurons included myocyte-specific enhancer factor (MEF)-2A and methyl-CpG-binding protein 2 (MECP2), both of which decreased their regulatory activity under MPTP-induced stress. Reduced transcriptional activity of another MEF2 isoform, MEF2C, was recently reported in a human stem cell-derived DA neuron model of Parkinson's disease, while the protein levels of MEF2 did not change 35 . MEF2C is important in DA neurogenesis and differentiation in embryonic stem cells 36, 37 . However, in mouse adult SNpc DA neurons in vivo, Mef2a mRNA expression levels (Fig. 2d) are much higher than those of Mef2c (fragments per kilobase per million < 1), suggesting that the two isoforms possibly fulfill similar functions in the two model systems. Studies in Mecp2 mutant mice have demonstrated alterations in the survival and function of DA neurons 38, 39 . In agreement with a pro-survival function of MECP2 in DA neurons, our translatome-regulatory network analysis found decreased MECP2 activity in degenerating DA neurons, further demonstrating the validity of our methodology.
Validation of drivers of SNpc DA degeneration SATB1 and ZDHHC2 represent two newly identified endogenous neuroprotective proteins that may have evolved as a protective mechanism for SNpc DA neurons. The enrichment of SATB1 and ZDHHC2 in adult SNpc DA neurons appears to reflect an intrinsic defense mechanism that opposes neurodegeneration. Both proteins are required to maintain the DA phenotype, and the disruption of their function is sufficient to induce DA neuron degeneration. The concept of protective factors being highly expressed in the vulnerable SNpc DA neurons is in contrast to the traditional hypothesis that protective genes are expressed particularly in the more resistant VTA DA neurons. However, SNpc DA neurons are under tonic cellular stress [40] [41] [42] , which may explain the elevated need for intrinsic protection as compared to VTA DA neurons. Disruption of essential SNpcspecific protective mechanisms is likely to result in rapid cell death. SATB1 is a transcriptional regulator and DNA organizer 43 localized to the nucleus. In contrast, we detected ZDHHC2 in the Golgi apparatus of DA neurons. On the basis of this observation, it seems unlikely that ZDHHC2 directly regulates the expression of its target genes. However, ZDHHC2 is able to palmitoylate other proteins 44 , which can result in the modulation of protein-protein interactions, thereby eventually altering transcription 45 . Although the downregulation of SATB1 and ZDHHC2 appears to contribute to SNpc DA neuron degeneration, viral overexpression of SATB1 or ZDHHC2 in SNpc DA neurons in mice had no effect on MPTP-induced neurodegeneration (data not shown), suggesting a limited action of these two proteins specifically in the MPTP model of DA neuron toxicity. In the context of our studies, it would also be of interest to search for candidate modulators of MR activity by applying algorithms such as MINDy 46 . Moreover, the DIGGIT algorithm 22 can facilitate the integration of genome-wide association study data with regulatory transcriptional and post-transcriptional models of cellular control. This approach may be instrumental in elucidating causal genetic determinants predisposing to disease. However, this analysis would not facilitate the identification of the actual target sites of the post-translational modifications that potentially influence the transcriptional activity of SATB1 and ZDHHC2.
The identification and validation of SATB1 and ZDHHC2 demonstrate that our strategy consisting of translational profiling of degenerating neurons and the analysis of a context-specific brain regulatory network can successfully be applied to the discovery of determinants of neuronal loss. Notably, we confirmed the decreased activities of SATB1 and ZDHHC2 in human subjects with incipient Parkinson's disease. On the basis of the present investigations, it appears feasible to apply a similar strategy to the characterization of distinct groups of degenerating neurons in models of disorders other than Parkinson's disease, including Alzheimer's disease, spinal muscular atrophy, Huntington's disease and amyotrophic lateral sclerosis. 
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METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes. Gene Expression Omnibus: GSE54795, GSE64452, GSE64526 and GSE70133. 
ONLINE METhODS
Animals. All experiments were approved by the Rockefeller University or Columbia University Institutional Animal Care and Use Committee and were performed in accordance with the guidelines described in the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. Mice were housed in rooms on a 12 h dark/light cycle at 22 °C and maintained with rodent diet (Picolab) and water available ad libitum. Male mice were used for all experiments. Mice were housed in groups of up to five animals except for mice that underwent stereotaxic surgery, which were housed singly to ensure recovery and avoid fighting.
generation of dat bacTRAP mice. Dat bacTRAP transgenic mice were generated on a C57BL/6 (Charles River Laboratories) background according to published protocols 47 , with the exception that the EGFP-L10a transgene was used in place of EGFP. BAC RP24-269I17 was used to place the sequence of EGFP-L10a under the control of the mouse Dat (Slc6a3) locus. Dat bacTRAP mice breed normally and inherit the transgene in a Mendelian manner. Genotyping was carried out by Transnetyx, using a probe and primer set detecting the junction between the sequences of the Dat locus and the EGFP-tag. Mice were maintained as hemizygotes. Fig. 6 ), animals were killed 21 d after the last injection. For the TRAPseq analysis of midbrain DA neurons (Fig. 2) , animals were killed 4 d after the last injection. MPTP use and safety precautions were as described 9 .
TRAPseq and gene expression analysis. To compare Dat bacTRAP translated mRNA samples with whole midbrain total RNA samples, 12 4-month-old Dat bacTRAP mice were randomly divided into four groups of three mice, followed by the dissection of the midbrain from all animals and purification of translated mRNAs as described below. From another five 4-month-old Dat bacTRAP mice, total RNA was extracted from whole midbrain using the RNAqueous Total RNA Isolation Kit (Life Technologies). For the TRAP analysis of midbrain DA neurons (SNpc and VTA combined) in a model of Parkinson's disease, 12 4-month-old Dat bacTRAP mice were injected with saline and randomly divided into four groups of three mice, and 12 4-month-old Dat bacTRAP mice were injected with MPTP and randomly divided into four groups of three mice. From each mouse, the whole midbrain was dissected. For the comparative TRAP analysis of SNpc DA neurons and VTA DA neurons, 30 4-month-old Dat bacTRAP mice were randomly divided into six groups of five mice. Brains were removed and sectioned using an ice-cold Adult Mouse Brain Slicer (Zivic Instruments) with 1-mm coronal slice intervals. From the tissue section containing the midbrain, the SNpc and VTA regions were dissected and separated under a Nikon SMZ645 light microscope using a 10× lens. TRAP analysis on stereotaxically injected Dat bacTRAP mice was carried out 2 weeks after Satb1 silencing. Mice were divided into three groups of five mice. Brains were removed and the midbrains were dissected, followed by separation of the ipsilateral (Satb1 shRNA) and contralateral (scrambled shRNA) sides.
Translated mRNAs were purified from bacTRAP mice as described previously 48 . Male hemizygous Dat bacTRAP mice were used for all TRAP analyses. TRAP samples underwent DNase digestion using the RNase-Free DNase Set (Qiagen) and were subsequently purified with the RNeasy MinElute Cleanup Kit (Qiagen). Eluted RNA samples were analyzed on a 2100 Bioanalyzer (Agilent) using RNA Pico Chips (Agilent) to confirm RNA integrity, followed by the measurement of RNA concentrations with the Quant-iT RiboGreen RNA Assay Kit (Life Technologies). cDNAs were prepared with the Ovation RNA-Seq System V2 kit (NuGEN), using an input of either 2.5 ng RNA (TRAP samples from SNpc and VTA DA neurons combined) or 1 ng RNA (TRAP samples from either SNpc DA neurons or VTA DA neurons). 500 ng cDNA from each sample were fragmented on a Covaris S2 Focused Ultrasonicator using the operating conditions recommended by the manufacturer for a target fragment size of 200 bp. Fragment size was confirmed on a 2100 Bioanalyzer using High Sensitivity DNA Chips (Agilent). Libraries for RNA sequencing were prepared with the TruSeq RNA Sample Preparation v2 kit (Illumina), starting the manufacturer's low-throughput protocol with the end-repair step. The concentration of the RNA-Seq libraries was determined on a 2100 Bioanalyzer using High Sensitivity DNA Chips. Subsequently, two libraries with different adapters were multiplexed for sequencing. After confirming the concentration of the multiplexed samples on a 2100 Bioanalyzer using High Sensitivity DNA Chips, samples were analyzed on an Illumina HiSeq 2000 sequencer using 100-bp single-end sequencing. To create MPTP and vehicle translatome libraries, RNA-Seq reads were first mapped to the Mus musculus assembly 9 reference genome using Bowtie 49 . Reads mapping to known genes, based on Entrez gene identifiers, were then counted using the GenomicFeatures R-system package (Bioconductor) 50 . Differential expression (Supplementary Table 3) was calculated using DESeq version 1.20.0 and R version 3.1.1. For all other RNA-Seq analyses, reads were mapped to the Mus musculus assembly 10 reference genome using TopHat 51 Tables 1, 2, 5 and 6 ), DESeq 53 version 1.14.0 was used, applying the standard comparison mode. P values were reported by DESeq, adjusted for multiple testing using the Benjamini-Hochberg procedure.
Unbiased stereology. The total number of TH + neurons and Nissl + TH¯ neurons was quantified by unbiased stereology using the optical fractionator method as described 54 . This unbiased method of cell counting is not affected by either the volume of reference (SNpc or VTA) or the size of the counted elements (neurons). Animals were perfused with PB followed by 4% paraformaldehyde in PB, and the brains were postfixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, frozen and stored at −80 °C until sectioning. 30-µm-thick free-floating coronal sections were prepared from the midbrain using a cryostat and every fourth section was used for cell counting. For TH immunohistochemistry, sections were incubated with a rabbit polyclonal anti-TH antibody (Calbiochem, #657012) at a concentration of 1:2,000 at 4 °C for 48 h, followed by a biotinylated polyclonal goat anti-rabbit IgG (Vector Laboratories, #BA1000) at 1:400 for 60 min, streptavidinconjugated horseradish peroxidase for 60 min (Vector Laboratories, #PK-4000) and 3,3′-diaminobenzidine (DAB). Stained sections were mounted on slides, counterstained with thionin to visualize Nissl substance, and coverslipped. measurement of striatal dopamine, 3,4-dihydroxyphenylacetic acid (doPAc) and homovanillic acid (HVA). Four-month-old male animals were killed at the 21-d time point and the striata were dissected and processed. The levels of dopamine, DOPAC and HVA were determined by high performance liquid chromatography as described 55 , with minor modifications to the mobile phase. The modified mobile phase consisted of 90% 0.05 M potassium phosphate, 250 mg/l heptane sulfonic acid, 0.1 mM EDTA pH 2.8, and 10% methanol.
Regulatory networks assembly. The regulatory network was reverse engineered from a phenotypically diverse mouse brain expression data set obtained from seven brain regions (hippocampus, cerebellum, olfactory bulb, basal ganglia, frontal cortex, cingulate cortex, amygdala) from 6-to 8-week-old laboratory mice belonging to 20 different inbred strains (437 samples, GSE10415) using ARACNe 21 . ARACNe was run with 100 bootstrap iterations using all probes that mapped to a set of 1,507 mouse transcriptional regulators, which were defined as genes annotated as GO:0003700, "transcription factor activity, " in the Gene Ontology Molecular Function database 56 . Parameters were set to 0 DPI tolerance and a MI P value threshold (P < 10 −7 ), as recommended for bootstrap ARACNe analysis of a data set of this size, to achieve a Bonferroni-corrected significance of P = 0.05 for getting a single false positive in the data set. The regulatory network used in our study is available for download from figshare (http://dx.doi. org/10.6084/m9.figshare.926507). mR analyses on mouse translatomes. To define the MPTP-specific genome-wide expression signature for midbrain DA neurons, we composed a list of all genes, arranged from the gene with the most downregulated expression in response to MPTP to the gene with the most upregulated expression. Differential expression was computed by comparing MPTP and saline (vehicle) samples using Student's t-test after normalizing the raw counts by a negative binomial-based variance-stabilizing transformation (VST) implemented in the DESeq package (Bioconductor). MRs were obtained from the MPTP-specific signature using the MARINa algorithm together with the mouse whole brain regulatory network 18, 19 . The MARINa algorithm used in our studies is an improved version of the original algorithm 18, 19 with the following modifications: (i) it tests for a global shift in npg washing step and incubation with tyramide-Alexa Fluor 488 conjugate (Life Technologies, #T-20922) for 10 min. Subsequently, slides were washed, mounted with ProLong Gold Antifade (Life Technologies, #P36930), coverslipped and stored in the dark at room temperature until imaging.
ZDHHC2 IHC in combination with indirect IF staining for TH was carried out as described above, but 0.05% Tween-20 was replaced by 0.2% Triton X-100 in all steps on day 1. The primary antibodies were a rabbit polyclonal anti-ZDHHC2 antibody (Novus Biologicals, #NBP2-13541) used at a concentration of 1:500 and a chicken polyclonal anti-TH antibody (Millipore, #AB9702) used at a concentration of 1:250. On day 2, all washing steps were carried out with PBS. For secondary detection, Alexa Fluor 546 goat anti-chicken IgG (Life Technologies, #A11040) was used at a concentration of 1:250 and SuperPicture HRP Polymer Conjugate Rabbit Primary (Life Technologies, #87-9263) was used together with tyramide-Alexa Fluor 488 conjugate (Life Technologies, #T-20922) as described above. To visualize the Golgi apparatus, mouse monoclonal anti-GM130 antibody (BD Biosciences, #610822) was added at a concentration of 1:50 on day 1 and Alexa Fluor 633 goat anti-mouse IgG (Life Technologies, #A21052) was added at a concentration of 1:250 on day 2. On tissue sections from stereotaxically injected mice, ZDHHC2 IHC in combination with indirect IF staining for TH was carried out as described above, using the following modifications: the primary rabbit polyclonal anti-ZDHHC2 antibody was used at a concentration of 1:50; a mouse monoclonal anti-TH antibody (Sigma, #T2928) was used at a concentration of For hematoxylin and eosin staining, mice were euthanized with CO 2 and immediately necropsied. Tissues were fixed in 10% neutral-buffered formalin. Heads were decalcified using Surgipath Decalcifier I (Leica Microsystems, #3800400) and subsequently sectioned every 3-4 mm to yield 6 or 7 coronal sections. Tissue sections were processed through paraffin and then sectioned further and stained with hematoxylin and eosin. Fluorescence images were collected on a Zeiss LSM 710 confocal microscope. Images were minimally processed using Photoshop CS5 (Adobe Systems) to enhance brightness and contrast for optimal representation of the data. All histology findings were confirmed in at least three different animals.
Behavioral analyses. All behavioral analyses were carried out during the light cycle. The different tests were administered to the same group of animals. Rotarod testing was carried out on an apparatus from Med-Associates using a rod that accelerated at increasing speed from 4 to 40 rpm over 5 min. Mice completed one training trial, followed by three test trials per day for 3 consecutive days. Results from the three test trials were averaged. The body weights of transgenic Dat bacTRAP mice and WT littermates were significantly different at all ages ( Supplementary  Fig. 1b) , and previous studies have demonstrated a negative correlation between body weight and rotarod performance 58, 59 . Analysis of our data also revealed a significant correlation between body weight and rotarod performance for all mouse ages analyzed and on all test days (P < 0.05). Therefore, rotarod results for each day were analyzed using one-way ANCOVA for two independent samples, with body weight as a covariate (GraphPad Prism and http://vassarstats. net/ancova2L.html). For the pole test, a stand with an aluminum foil-wrapped pole that measured 48 cm in height and 3 cm in circumference was used. A training trial was administered to the mice the day before the experiment. The next day, mice completed five test trials. Results from the test trials were averaged. The wire hang test was carried out with a wire top from a mouse cage and included one training trial, followed by three test trials on the same day. Results from the three test trials were averaged. For the gait analysis, a 48-cm-long runway was used, together with a light source by the starting point and a dark box by the finish line. Mice underwent two to three test trials, and the most representative trace was selected for analysis. Food and water consumption were determined on singly housed mice for a period of 66-72 h. Food intake was measured by calculating the weight difference between the amounts of rodent diet in the mouse cage at the beginning and at the end of the observation period. Water intake was measured by calculating the volumetric difference between the water amounts in the bottles at the beginning and at the end of the observation period.
Assessment of key parameters of body composition. Total body water, extracellular and intracellular fluid, fat-free mass and fat mass of 12-month-old mice were determined using the ImpediVET equipment (ImpediMed) following the manufacturer's instructions.
Statistics. All experiments included three or more biological replicates. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those generally employed in the field. Sample sizes are indicated by n-values in each figure legend. We excluded animals from data analysis if they were flagged by the Rockefeller University or Columbia University veterinary services for health reasons during the experimental period. Unless indicated otherwise in the respective methods section and/or figure legend, paired or unpaired one-tailed or two-tailed t-tests were applied for the comparison of two samples using GraphPad Prism. Paired testing was applied only to the comparison of data obtained from the same animal or the same group of animals. One-tailed testing was applied only to the analysis of TH + neurons after MR knockdown. Normality and equality of variance were formally tested using GraphPad Prism. All data represent means ± s.e.m. Prior to data collection, outliers were defined as data points located outside the range of mean ± 2 s.d. No specific method of randomization was used to assign animals to experimental groups. Investigators were not blinded to the group allocation.
A Supplementary methods checklist is available.
